Cotton (Gossypium hirsutum L.) crop, cultivated between 40°N and 40°S, is currently experiencing 2±11 kJ m ±2 d ±1 of UV-B radiation. This is predicted to increase in the near future. An experiment was conducted to study the effect of enhanced UV-B radiation on vegetative and reproductive morphology and leaf anatomy of cotton in sunlit, controlled environment chambers. From emergence to harvest, cotton plants were exposed to 0, 8 or 16 kJ m ±2 d ±1 of UV-B in a square wave approach for 8 h from 0800 to 1600 h. Changes in plant height, internode and branch length, mainstem node number, leaf area, length and area of petals and bracts, and anther number per¯ower were recorded. Epidermal cell and stomatal density, stomatal index, leaf thickness, and epidermal, palisade and mesophyll tissue thickness were also measured. Initial chlorotic symptoms on leaves turned into necrotic patches on continued exposure to enhanced UV-B. Exposure to high UV-B reduced both vegetative and reproductive parameters and resulted in a smaller canopy indicating sensitivity of cotton to UV-B radiation. Enhanced UV-B radiation increased epicuticular wax content on adaxial leaf surfaces, and stomatal index on both adaxial and abaxial leaf surfaces. Leaf thickness was reduced following exposure to UV-B owing to a decrease in thickness of both the palisade and mesophyll tissue, while the epidermal thickness remained unchanged. The vegetative parameters studied were affected only by high levels of UV-B (16 kJ m ±2 d ±1 ), whereas the reproductive parameters were reduced at both ambient (8 kJ m ±2 d ±1 ) and high UV-B levels. The study shows that cotton plants are sensitive to UV-B at both the whole plant and anatomical level.
INTRODUCTION
Projections indicate that solar ultraviolet-B (UV-B) radiation will reach peak levels on the Earth's surface in the next few years. However, it is expected that UV-B radiation could fall to pre-ozone depletion levels by 2050 if the Montreal protocol were fully implemented by the member countries (Van der Leun et al., 1998) . Current levels of UV-B radiation (280±315 nm) in the US Cotton Belt vary between 2 kJ m ±2 d ±1 in spring and 11 kJ m ±2 d ±1 in summer (USDA-UVMRP, 2002) . UV-B radiation is readily absorbed by biomolecules such as amino acids, polypeptides and nucleic acids (Sullivan and Teramura, 1989) . Experiments carried out under both controlled environments and ®eld conditions have demonstrated that enhanced UV-B radiation reduces crop productivity (Corlett et al., 1997) . Enhanced UV-B radiation causes a signi®cant reduction in plant growth (Sullivan and Teramura, 1989; Teramura et al., 1991b) , photosynthetic capacity (Ziska et al., 1993; Teramura and Sullivan, 1994) and pigment levels (Strid and Porra, 1992; Sullivan and Rozema, 1999) . Although the effects on cotton growth and development of other environmental stress factors, such as high temperature (Reddy et al., 2000) , water de®cit (Bondada et al., 1995) and nutrient stresses are widely reported in literature, knowledge concerning the effects of UV-B radiation on cotton growth and development is minimal (Corlett et al., 1997) .
Upon exposure to UV-B radiation, crops respond by altering their morphology and mitigate by adopting shielding or repair mechanisms. Reductions in shoot height, stem internode length and leaf size have been observed in a variety of species (Becwar et al., 1982; Teramura, 1983; Latimer and Mitchell, 1987; Sullivan and Teramura, 1988) . Morphological changes of rice seedlings following exposure to UV-B treatments simulating 5 % depletion of stratospheric ozone in the Philippines included reduced plant height, leaf blade length and leaf area (Barnes et al., 1993) . Similarly, the height of pea (Pisum sativum L.) plants exposed to UV-B decreased (Vu et al., 1984) . Decreased leaf area of pea plants exposed to high UV-B (9 kJ m ±2 d ±1 ) was attributed to a reduction in cell division rather than a reduction in cell expansion (Mepsted et al., 1996) . Hoffman et al. (2001) also reported a decrease in epidermal cell surface area and stomatal number on exposure of white clover (Trifolium repens L.) to enhanced UV-B radiation of 13´3 kJ m ±2 d ±1 .
Changes in leaf optical properties alter the surface re¯ectance which can affect the amount of UV-B radiation reaching underlying tissues (Cen and Bornman, 1993) . Only 10 % of incident UV-B radiation on the leaf surface is re¯ected (Clark and Lister, 1975) , and transmission through the epidermis ranges from 0 to 40 % (Day et al., 1992) .
Changes in the thickness of the leaf epidermis and wax layer (Steinmuller and Tevini, 1985; Tevini and Steinmuller, 1987) would modify the response to UV-B radiation. Epidermal leaf hairs (trichomes) modify the microenvironment of the leaf, primarily through extension of the boundary layer and a reduction in water loss (Ehleringer, 1984) . They can also reduce the amount of UV-B radiation that penetrates through the epidermis (Karabourniotis et al., 1992) , probably due to their UV-absorbing pigment compounds (Karabourniotis et al., 1992 (Karabourniotis et al., , 1994 . The wax content on the leaf surface is known to increase when cotton plants are exposed to environmental stresses. A 40 % increase in leaf epicuticular wax content was recorded when cotton plants were exposed to water stress (Bondada et al., 1996) . Similarly, deposition of epicuticular waxes re¯ects 30 % of incident radiation at 290 nm off Eucaluptus leaves, and UV-B radiation is known to alter the quantity and chemical composition of leaf surface wax deposits (Tevini and Steinmuller, 1987; Barnes et al., 1996) . However, exposure to UV-B radiation sometimes reduces the wax content (Gonzalez et al., 1996) and leads to a decrease in leaf re¯ectance.
This study is the ®rst step in a larger USDA-UVB monitoring programme to study the effects of enhanced UV-B radiation on cotton. A study of these changes would provide useful information about the consequences of future elevated UV-B levels on cotton growth and development. Therefore, the objective of this study was to examine the effects of enhanced UV-B radiation on whole plant morphology and vegetative and reproductive characters, with speci®c focus on the changes in leaf surface ultrastructure and anatomy. We hypothesize that predicted increases in UV-B radiation will alter the surface and anatomy of cotton leaves and increase the epicuticular wax content, which, in turn, will increase leaf surface re¯ectance of incident UV-B radiation.
MATERIALS AND METHODS

Plant material and growth conditions
Experiments were conducted in the sunlit, controlled environment plant growth chamber facility known as the Soil±Plant±Atmosphere±Research (SPAR) facility on the North farm (88´8°W, 33´5°N, and 85 m a.s.l.) of Mississippi State University, USA. Seeds of cotton variety NuCOTN-33B were sown on 1 Aug. 2001 in the sand bins of the SPAR units. Seeds were sown in 11 rows of ®ve seeds per row, and emergence was observed 6 d later. Six alternate rows of seedlings removed at 15 d after emergence (DAE), and two rows at 25 DAE were used for collecting growth data, leaving three rows with 15 plants m ±2 until the end of the experiment, i.e. mid-fruiting stage (66 DAE). Plants were irrigated three times a day with half-strength Hoagland's nutrient solution through an automated drip system. Variable-density shade cloths around the edges of the plants were used to match plant heights simulating the presence of other plants and eliminating the need for border plants.
Each SPAR unit consisted of a steel soil bin (1 m tall Q 2 m long Q 0´5 m wide), a Plexiglas chamber (2´5 m tall Q 2´0 m long Q 1´5 m wide) opaque to ambient solar UV radiation, a heating and cooling system, and an environment monitoring and control system (Reddy et al., 2001) . Air ducts located on the northern side of each SPAR unit connected heating and cooling devices to each unit. Conditioned air was passed down through the plant canopy with suf®cient¯ux to cause leaf¯utter, and returned to the air-handling unit just above the soil level. Chilled ethylene glycol supplied the cooling, and two electrical resistance heaters in each SPAR unit provided heat. A dedicated computer controlled air temperature, CO 2 concentration and soil watering in each SPAR unit. Air temperatures were controlled at 30/22°C (T 0´5°C) (day/night) and were monitored and adjusted every 10 s. The daytime temperature was initiated at sunrise and returned to the night-time temperature 1 h after sunset. The CO 2 concentration in each SPAR unit was also monitored every 10 s and integrated over 900-s intervals throughout the day. SPAR units were maintained at 360 (T 15) ml l ±1 CO 2 . The computer also conducted continuous monitoring of all the important environmental and plant gas exchange variables.
UV-B irradiation protocol
Beginning at emergence and continuing until harvest, three levels of UV-B radiation were imposed in a square wave fashion: control (No UV-B), and a total daily¯ux of biologically effective UV-B radiation of 8 (ambient) and 16 kJ m ±2 d ±1 (high). UV-B doses simulated 0 %, ambient and 30 % depletion of stratospheric ozone. The UV-B radiation from eight¯uorescent lamps (UV-313 lamps; Q-Panel Company, Cleveland, OH, USA) arranged on a rack perpendicular to the canopy was delivered for 8 h from 0800 to 1600 h and driven by 40 W dimming ballasts. The intensity of UV-B radiation in each of the treatments was adjusted using dimmable ballasts. To ®lter out UV-C radiation (<280 nm), the lamps were wrapped in presolarized 0´07 mm cellulose diacetate (CA) ®lm. The CA on the lamps was changed at 3-d intervals to account for the degradation of the CA properties caused by UV-B radiation. Unilluminated bulbs were placed in the control chamber above the plant canopy to simulate the shading effect, if any, produced by the lamps in the other UV-B treatments. The UV-B radiation delivered at the top of the canopy was checked daily using a radiometer (UVX digital radiometer; UVP Inc., San Gabriel, CA, USA). Rack height and lamp power were adjusted, as needed, to maintain the respective UV-B radiation levels. Lamps were always at a height of 0´5 m above the canopy.
Growth measurements
Plant height, mainstem node number, and internode and branch lengths (sum of individual branch lengths) were recorded on nine plants in each treatment at 66 DAE. Branch number and lengths were also noted. Lengths of petals, bracts and staminal columns (maximum measurable length) and anther number per¯ower were measured for ®vē owers in each treatment. The uppermost fully expanded mainstem leaves from three plants were sampled at ¯owering (50 DAE) to investigate leaf morphology and anatomy. Areas of petals and bracts of each of ®ve¯owers, and the area of the three individual leaves used for wax extraction and epidermal and stomatal cell counts were measured using a leaf area meter (LI-3100; LI-COR, Lincoln, NB, USA).
Stomatal measurements
A light microscope was used to count the epidermal cell and stomatal number. Length and width of the stomata in each ®eld were also measured. The nail polish peel method was used to count cell numbers: portions of abaxial and adaxial surface of three fully expanded leaves in each treatment were coated with colourless nail polish, which was allowed to dry for 30 min to give a clear impression of the leaf surface. The peels were then removed using forceps and placed on a slide. Epidermal cell and stomatal counts were made at random in ®ve ®elds under the light microscope at Q400 magni®cation. Stomatal length and width were measured using an eyepiece micrometer, which was calibrated using a stage micrometer prior to measurement. Final numbers are presented as epidermal cell density (mm ±2 ), stomatal density (mm ±2 ) and stomatal index, calculated as the number of stomata per number of epidermal cells per unit leaf area.
Leaf anatomical measurements
Surface anatomy and epicuticular wax structure of the cotton leaves were studied using a scanning electron microscope (SEM). Specimens from three leaves per chamber were dissected and ®xed in 2´5 % glutaraldehyde in 0´1 M phosphate buffer, pH 7´0 overnight at 4°C. Specimens were rinsed, post-®xed in 2 % osmium tetroxide, dehydrated in series to 100 % ethanol and critical-point dried, before being mounted on aluminium stubs, sputtercoated with gold palladium and imaged using a LEO Stereoscan 360 SEM (LEO Electron Microscopy Inc., Thornwood, NY, USA) at an accelerating voltage of 15 kV. Images were recorded on Polaroid Type 55 P/N ®lm. To study internal anatomy, leaf tissue was ®xed, osmicated and dehydrated in an ethanolic series as for SEM and then in®ltrated and embedded in Spurr's epoxy resin. Samples were sectioned on a Leica Ultracut E Ultramicrotome and semi-thin 1 mm sections were obtained and stained with toluidine blue. Images of the sections were obtained using a confocal laser scanning microscope (Leica TCSNT, Leica Microsystems AG, Wetzair, Germany).
Epicuticular wax content determination
The uppermost fully expanded leaf of the canopy (fourth or ®fth leaf from the top of the mainstem) was used to determine epicuticular wax content. Three leaves from each treatment were used for wax extraction and these were considered replicates in the statistical analysis. Each of the leaves was immersed and agitated for 20 s in a test tube with chloroform. The chloroform was then evaporated using a nitrogen evaporator and the test tubes were weighed. The wax content was calculated by subtracting the initial weight of the test tube from its ®nal weight. Results were expressed on an area basis (mg mm ±2 ).
Statistical analysis
Statistical analysis was carried out using GENSTAT for Windows (Genstat 5 Committee, 1997). One-way ANOVA was used to determine differences between the treatments for the parameters presented in the study.
RESULTS
Vegetative morphology
Fully expanded leaves in the high UV-B treatment developed chlorotic patches within 4±5 d after exposure and these later turned into necrotic patches, whereas leaves of plants in the ambient UV-B treatments took between 8 and 10 d to develop chlorotic patches. Developmental events, duration from emergence to square and square tō ower, were not modi®ed by UV-B radiation.
A highly signi®cant UV-B-induced reduction in plant height was observed (Table 1) , with plants exposed to high levels of UV-B being 47 % shorter than control plants. Exposure to ambient UV-B radiation (8 kJ m ±2 d ±1 ) reduced plant height compared with that of controls, but the difference was not signi®cant. No signi®cant differences in mainstem node number were observed among the treatments. Internode lengths of plants exposed to control and ambient UV-B treatments did not differ (Fig. 1) , ) 158´10 133´80 110´00 6´52** Plant height, node number, and branch number and lengths were measured at the ®nal harvest, 66 d after emergence. Leaf area is from the fully expanded fourth or ®fth leaf on the mainstem used for stomatal measurements. *** P`0´001; ** P`0´01; * P`0´05.
whereas those of plants exposed to high UV-B radiation were severely shortened. Leaf area of the fully expanded fourth or ®fth leaf from the top of the canopy was reduced following exposure to UV-B radiation (Table 1) . The individual leaf area was smaller by 15 and 30 % in plants exposed to ambient and high UV-B radiation treatments, respectively. No signi®cant differences in branch number per plant were detected between UV-B treatments (Table 1) . However, total branch length differed between the UV-B radiation treatments (Fig. 2) . The total length of all branches per plant was highest in plants treated with ambient UV-BÐan increase of 40 % over branch length in control plants. Plants in the high UV-B treatment had the shortest branch length: 49 % lower than that in control plants (Table 1 ; Fig. 2 ).
Reproductive morphology
Compared with those borne on control plants,¯owers borne on plants exposed to both ambient and high levels of UV-B were smaller ( Table 2 ). The reduction was observed in all¯oral parts. Compared with values for control plants, petal length and area were reduced following treatment with ambient UV-B, but exposure to high levels of UV-B caused a signi®cant (P < 0´05) reduction in both petal length and area compared with values for plants in the control and ambient UV-B treatments (Table 2) . Bract length and area were also signi®cantly reduced by the high UV-B treatment. Anther number differed signi®cantly between the treatments, being greatest in the control (Table 2) . On exposure to UV-B,¯owers on plants treated with ambient and high levels of UV-B had 15 and 33 % fewer anthers per¯ower, respectively. There were no signi®cant differences in the staminal column length between the¯owers exposed to UV-B radiation treatments (Table 2) .
Epidermal ultrastructure and epicuticular wax content
There were no statistically signi®cant differences in leaf epidermal cell density on either the adaxial or abaxial surfaces of leaves when plants were exposed to different levels of UV-B radiation (Table 3) . On the other hand, stomatal density on both leaf surfaces differed signi®cantly with UV-B treatments (Table 3) . Treatment with ambient and high levels of UV-B increased the number of stomata on the adaxial surface by 36 and 65 %, respectively, over values for control plants. The corresponding increases on the abaxial surface of leaves were 22 and 10 %. UV-B treatments resulted in similar increases in stomatal index on both adaxial and abaxial surfaces of the leaves (Table 3 ). An increase in the stomatal length on the adaxial surface was recorded in the high UV-B treatment. However, the width of stomates did not differ between treatments.
At both squaring and¯owering stages, amounts of epicuticular wax deposited on leaf surfaces were signi®-cantly larger for plants exposed to UV-B radiation than for those exposed to control levels (Fig. 3) . The epicuticular wax content of leaves was greater in plants exposed to ambient UV-B radiation than in those exposed to high UV-B radiation at both squaring and¯owering. At squaring, the wax content of plants treated with ambient and high levels of UV-B increased by 200 and 84 % over values for the controls, respectively. The corresponding increases at owering were 52 and 29 %, respectively. Scanning electron microscopy revealed that an increase in UV-B increased the waxy appearance of the leaf surface (Fig. 4) . The epicuticular wax morphology in the form of wax ridges was much denser and interwoven in UV-Btreated leaves. This observation corroborates the gravimetric wax content increase on leaves exposed to UV-B treatments. An increase in the density of wax ridges was observed on the adaxial surface, but not on the abaxial surface.
Structural observations
UV-B treatment changed leaf thickness (Fig. 5) . Plants in the control treatment had signi®cantly thicker leaves (472 mm) than those exposed to ambient (361 mm) and high (351 mm) levels of UV-B. The decrease in leaf thickness was due to a decrease in the thickness of both the palisade and mesophyll layers. The palisade layer was 24 % thinner in plants exposed to both UV-B treatments, and the mesophyll was thinner by 29 and 34 % in plants treated with ambient and high levels of UV-B, respectively. There were no changes in epidermal cell thickness on the adaxial or abaxial side. Studying leaf sections, the causes of the change in leaf thickness on exposure to UV-B (Fig. 6 ) become apparent. In the control treatment, a single layer of tightly packed adaxial palisade mesophyll cells occupied half of the blade thickness, and large spongy mesophyll cells were present on the abaxial side. In leaves exposed to UV-B radiation, the palisade again occupied half of the leaf thickness, but was multilayered with short cells and intercellular spaces. The size of the mesophyll cells was also reduced in leaves exposed to UV-B radiation, more severely in the high UV-B treatment, with increasing number of intercellular air spaces.
DISCUSSION
The main objective of this work was to study changes in whole plant morphology and leaf-level morphological Each value is a mean of counts from ®ve ®elds on each leaf (0´145 mm in radius) from three different leaves. Cell counts are expressed as number of cells per square millimeter of adaxial and abaxial leaf area. *** P`0´001; ** P`0´01; * P`0´05. Petal, bract and staminal column lengths were measured and anther number counted on a fully opened¯ower at 50 d after emergence. Petal and bract area is cumulative of all petals and bracts, respectively, of a single¯ower. *** P`0´001; ** P`0´01; * P`0´05.
and anatomical changes of cotton plants as affected by enhanced UV-B radiation. Studies were conducted as early as 1987 by Jolley et al. and Pushnik et al. to evaluate the in¯uences of ultraviolet light using cool white¯uorescent lamps as a source of ultraviolet light. Speci®cally, studies to evaluate the effects of UV-B radiation on cotton have not been conducted to date (Corlett et al., 1997) . Hence, this is the ®rst report on the changes in morphology and anatomy of cotton on exposure to enhanced UV-B radiation. Sensitivity of cotton plants to UV-B radiation resulted in a reduction of plant height, internode lengths, branch lengths and individual leaf sizes, and the appearance of chlorotic and necrotic patches on leaf surfaces. The appearance of chlorotic and necrotic patches following exposure to UV-B has been widely reported (Vu et al., F I G . 4. Epicuticular wax morphology on leaf surfaces of cotton plants exposed to enhanced ultraviolet-B radiation treatments. The ®gure shows wax tubes on both adaxial (A±C) and abaxial (D±F) leaf surfaces exposed to 0 (A and D), 8 (B and E) and 16 (C and F) kJ m ±2 d ±1 of UV-B radiation. An increase in wax tube (WT) density is observed only on the adaxial surface with increase in ultraviolet-B intensity. The image also shows epidermal cells (E), stomata (S) and glandular trichomes (G).
1981; Strid and Porra, 1992; Smith et al., 2000) . On continued exposure to high levels of UV-B radiation, the chlorotic patches turned into necrotic or dead tissue patches. The overall decrease in size of the plant canopy can be attributed to a decrease in plant height and branch lengths. Researchers studying other crop species have also reported a decrease in height on exposure to enhanced UV-B radiation. In monocots, rice (Oryza sativa) seedlings showed a decrease in plant height, leaf blade length and total leaf area when exposed to 15´7 kJ m ±2 d ±1 (Teramura et al., 1991a) or 10´3 kJ m ±2 d ±1 (Barnes et al., 1993) UV-B radiation. In dicotyledons, exposure to enhanced UV-B severely reduced plant height and leaf area. Plant heights of the soybean species Glycine max and G. soja were 18 % shorter following exposure to 13´6 kJ m ±2 d ±1 UV-B radiation. Similar results have been observed in other dicot species (Tevini and Teramura, 1989; Searles et al., 1995) . The reduction in plant height is mainly the result of a reduction in internodal length rather than a reduction in node number (Table 1 ). In the current study, the lack of signi®cant differences between the control and the ambient treatments for plant height shows that cotton plants can tolerate current levels of UV-B radiation (around 8 kJ m ±2 d ±1 ), but any increase in these levels, as predicted by climate scientists (UNEP/WMO, 2002), would have the potential to reduce plant height.
In addition to vegetative morphology, the reproductive or oral morphology of cotton was also modi®ed by UV-B radiation. No data are available on the¯oral morphology of crop plants exposed to enhanced UV-B radiation. Flowering increased when UV-B was excluded by covering plants with mylar sheet that ®lters UV-B radiation (Caldwell, 1968) . In the present study,¯owers produced by plants exposed to UV-B radiation were smaller than those produced by control plants owing to a reduction in both petal and bract size. Thē oral morphology of cotton is very sensitive to enhanced UV-B radiation, and pollination, boll formation and development, and lint yield could all be affected. Cotton¯owers exposed to enhanced UV-B radiation had a reduced number of anthers. We have also observed that anthers are smaller in UV-B-treated plants. Reduction in anther number and size reduces the amount of pollen available for fertilization. The decrease in anther number would also hamper commercial hybrid cotton production. Evidence from in vitro experiments shows that pollen germination is inhibited by enhanced UV-B (Chang and Campbell, 1976; 1979; Flint and Caldwell, 1984) . Further studies are needed to evaluate the effects of UV-B on cotton pollen production, germination and growth. Along with changes in whole plant (canopy) morphology, UV-B treatment also resulted in morphological and anatomical changes in cotton. Leaf structure is important as it attenuates most of the UV-B and visible solar radiation incident on the leaf. Changes in leaf anatomy as a result of enhanced UV-B radiation would modify light attenuation by the leaf and in turn affect photosynthesis. Exposure of cotton plants to environmental stress, such as water de®cit, reduces leaf size without altering the stomatal index (Singh et al., 1990) . In this study, the UV-B-induced increase in the adaxial stomatal index was the result of an increase in stomatal density without any change in epidermal cell number per unit area. This suggests that UV-B radiation affects plants in a manner similar to water de®cit, by reducing leaf size (Singh et al., 1990) , and to temperature stress, by increasing stomatal number (Radin, 1992) . That there was no change in the epidermal cell density on the leaf surface strongly suggests that the decrease in leaf area was the result of a reduction in cell division rather than slower cell expansion (Hoffman et al., 2001) . Decrease in plant height, internode length and total branch length can also be attributed to reduced cell division, as both node and branch numbers were unaffected by UV-B radiation.
The epicuticular wax layer, which acts as an interface between the environment and internal structures of the leaf, is an important surface character that responds to environmental stresses (e.g. water stress; Bondada et al., 1995) . Enhanced UV-B radiation treatments are known to alter the quantity and chemical composition of the leaf surface wax (Tevini and Steinmuller, 1987; Barnes et al., 1996) . In the present study, exposure to both ambient and high levels of UV-B radiation increased the wax content. The increase in wax content might be a protective mechanism as epicuticular wax re¯ects a minimum of 10 % (Caldwell et al., 1983) to a maximum of 30 % (in Eucalyptus; Holmes, 1997) of the incident UV-B radiation. As early as 1975, Clark and Lister con®rmed that epicuticular wax increased re¯ectance markedly in the ultraviolet and blue regions of the spectrum. A similar increase in wax content was recorded in pea cultivars when exposed to UV-B radiation (Corlett et al., 1997) . The measured increase in wax is supported by the observed increase in density of wax tubes on the adaxial surface of UV-B-treated leaves (Fig. 4) . Greater wax deposition was seen in the uppermost leaves at squaring than at¯owering (Fig. 3) . The lower wax content observed at¯owering could be attributed to diversion of carbon assimilates for boll development. Among the UV-B treatments, exposure to high levels of UV-B resulted in a lower wax content than did exposure to ambient UV-B. Gordon et al. (1998) showed that the UV-B sensitivity threshold for epicuticular wax deposition in sugar maple (Acer saccharum) was 6´2 kJ m ±2 d ±1 . Thus, in cotton, the sensitivity threshold of UV-B radiation, based on wax content, appears to fall between 8 and 16 kJ m ±2 d ±1 , unless increased wax is a response to stress rather than a defence mechanism against enhanced UV-B.
Changes in internal leaf anatomy were related to changes in leaf morphology. Species differ in their anatomical response to UV-B radiation (Nagel et al., 1998) , and while an increase in leaf thickness following UV-B exposure is common, a decrease in leaf thickness was observed in this study. Studying Populus trichocarpa, Schumaker et al. (1997) found that ambient UV-B treatment resulted in thinner leaves compared with those of plants exposed to sub-ambient UV-B radiation owing to decreased development of palisade parenchyma tissue. The present anatomical study indicated that the reduction in leaf thickness in response to UV-B radiation was caused by a reduction in the thickness of both the palisade and spongy mesophyll layers. The palisade layer is typically a single layer of elongated cells occupying half of the leaf thickness (Bondada et al., 1994; Wise et al., 2000) . In contrast to a decrease in epidermal cell division, an increase in palisade cell number was observed. In the present study, the palisade in leaves exposed to UV-B radiation was two to three layers thick, with short cells stacked on top of each other with air spaces. Weston et al. (2000) investigated palisade development in wild-type and blue-light-perception mutants of Arabidopsis thaliana and observed that a second and even a third palisade layer was formed at high light intensity. The increase in cell number would increase the cell wall surface that would block and prevent harmful UV-B radiation from reaching the abaxial photosynthetically active mesophyll. The increase in palisade cell number would increase the amount of air±cell wall interfaces, an important parameter that affects re¯ectance (Knipling, 1970) . Further studies are needed to verify the effects of altered leaf morphology on re¯ectance and transmittance of UV-B radiation.
CONCLUSIONS
Exposure of cotton plants to UV-B radiation reduced the overall canopy size by decreasing plant height, branch length and leaf area without slowing the developmental events. Leaf anatomical and morphological changes, such as a decrease in thickness, and increases in stomatal index, palisade layers and wax content, are adaptive mechanisms for high UV-B radiation. Cotton¯oral morphology was also altered on exposure to UV-B radiation. A decrease in¯oral morphological characters and anther number may impact on the fertilization process and fruit set. Future studies should aim to study the effects of UV-B on cotton boll development, lint yield and quality.
